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In this paper, we investigate the effect of electrical pulse bias on DNA hybridization events in a biosensor

platform, using a Carbon Nanotube Network (CNN) and Gold Nano Particles (GNP) as an electrical channel.

The scheme provides both hybridization rate enhancement of bio molecules, and electrical measurement

in a transient state to avoid the charge screening effect, thereby significantly improving the sensitivity. As

an example, the probe DNA molecules oscillate with pulse trains, resulting in the enhancement of DNA

hybridization efficiency, and accordingly of the sensor performances in Tris–EDTA (TE) buffer solution, by

as much as over three times, compared to the non-biasing conditions. More importantly, a wide dynamic

range of 106 (target-DNA concentration from 5 pM to 5 mM) is achieved in human serum. In addition, the

pulse biasing method enables one to obtain the conductance change, before the ions within the Electrical

Double Layer (EDL) are redistributed, to avoid the charge screening effect, leading to an additional

sensitivity enhancement.

Introduction

A biosensor is a device designed to detect or quantify a bio
molecule, such as a particular DNA sequence or protein. In
biomedical and forensic applications, the detection of bio
molecules is critical, for quick and reliable diagnosis of
disease, or genome analysis. Optical detection methods that
use fluorescence labels,1–5 or surface plasmon resonance,6–10

have been widely used. But, in recent years, several attempts
for electrical label-free detection have been made, to overcome
the limitations of the optical method.11–15 Among them, the
electrical DNA biosensor, which can detect the change in
electrical characteristics due to a DNA hybridization event, is a
prospective alternative DNA detection method.16–20 Electrical
biosensors enable fast and inexpensive analysis with a direct
electrical readout signal, and lead to the possibility of
convergence and integration with other electrical devices.

The selectivity and sensitivity are critical issues limiting the
biosensor performance.21 The selectivity issue is related to the
probe-target binding efficiency22,23 and non-specific binding,

in which non-target bio molecules stick to the probe layer,
preventing target binding, or causing a false positive signal.
Specifically, electrical biosensors are expected to respond only
to the target analyte, and not to other similar molecules, called
noisy molecules. However, an electrical biosensor cannot, in
general, distinguish a probe-target binding signal from a
probe-noisy molecule binding event. For example, the detec-
tion of low-abundant target molecules (under ng mL21)24,25 in
human serum (y70 mg mL21 in total protein content) is one
of the greatest challenges in the biosensor field. On the other
hand, the sensitivity issue is related to the limit of detection,
and the signal-to-noise ratio.

In this paper, we apply an electrical pulse bias between the
electrical channel, to which the probe molecules are attached,
and the electrolyte, containing the target molecules, during
the hybridization event. The method provides two important
improvements: (i) enhancing the hybridization rate, and (ii)
enabling transient signal detection, before the charge screen-
ing effect is resurrected. Firstly, the hybridization rates
between the probe and target molecules are significantly
improved, due to the mechanical oscillations of the probe and
target molecules, caused by the external electric field around
the charged probe molecules. Also, the dynamic motion of the
probe molecules could suppress undesired binding events
with nonspecific molecules since the motion largely enhances
the desired binding events.

Secondly, it is possible to perform the transient measure-
ment of the electrical channel current after pulse transition. By
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properly choosing the timing of the measurement (within 1 ms)
after single pulse transition, we can measure the electrical
signal from the charges of the target molecule, before the
charges are screened by the counter-ions in the bulk
electrolyte. Generally, the real time monitoring of molecular
hybridization events is performed under a buffer solution,
where the Debye length is y1 nm (comparable to 100 mM in
ionic concentration), while the size of the biomolecule is over
several nanometers. In this case, a large part of the charges
from biomolecules is screened, and the sensitivity of the
sensor is sacrificed. It takes a while for the counter-ions in the
electrolyte system to redistribute, to reach a steady state for
another screened state, after the pulse bias applied. The
situation is quite similar to the deep depletion effect in a
Charge Coupled Device (CCD),26 in semiconductor engineer-
ing. Detection within the transient state can provide opportu-
nities for sensitivity enhancement.

In summary of the proposition of the idea, we investigate
the application of the ‘pulse bias’ method to electrical
biosensors during molecular hybridization events. Both the
hybridization events and charge screening events are modu-
lated, and a significant enhancement of electrical biosensor
performance in real time measurement is obtained.

Materials and methods

Device fabrication

All chemicals and solvents used in these experiments were of
reagent grade, and used without further purification. The
HPLC grade single-stranded DNA samples were purchased
from Bioneer (Korea). The details are shown in Table 1. The
purification and coating of SWCNT (ASP-100F (single wall)
produced by Il-Jin Nanotech, Korea) were done as follows.
SWCNTs exist in a form of bundles, due to the van der Waals
attractive force. To disperse SWCNTs in an organic solvent,
they should be pretreated with a liquid-phase oxidation (nitric
acid treatment). The steps for dispersion recommended by the
vendor of the SWCNTs were followed: the SWCNTs were
ultrasonicated in nitric acid at 50 uC for 30 min, to purify and
exfoliate from bundles. The SWCNTs were then neutralized
with deionized (DI) water, and trapped on a membrane filter
(Millipore, 0.2 mm pore size, 47 mm diameter), by the vacuum
filtration method. The SWCNTs on the filter were dried in a
vacuum oven chamber at 80 uC for 48 h. We used 1,2-
dichlorobenzene (one of the widely used solvents for the
dissolution of SWCNTs) to disperse SWCNTs, and then the
ultrasonication process was performed again for 20 h.27,28 The
surface morphology of the sample was evaluated with an

optical microscope, and field emission scanning electron
microscopy (FE-SEM).

The test chips, having a concentric electrode structure, were
fabricated at the Inter-university Semiconductor Research
Center (ISRC) of Seoul National University, using a two-metal
process, which consisted of aluminum as the first metal, and
Au as the second metal. On a thermally oxidized Si wafer, the
first metal routing patterns were formed, using conventional
lithography and etching processes. Afterward, a 10 000 Å thick
TEOS oxide film was deposited, and via contacts were formed.
The substrate was evaporated, and patterned to form a 4000 Å
concentric Au electrode, using the lift-off method. Using the
CNT coating solution, the chips were coated with a CNT layer,
by dipping them into the solution for 30 s, and then
withdrawing them at a constant velocity of 3 mm min21.
Thereafter, 1 nm thick GNPs were deposited on the CNN using
a thermal evaporator, which resulted in the formation of a
GNP layer on the CNN, by annealing at 250, 350 and 450 uC for
30 min. We mainly used GNPs annealed at 350 uC for the
entire experiment.

DNA preparation

To immobilize the probe-DNA (p-DNA) molecules for the
sensing of specific target molecules, bare CNN–GNP samples
were immersed in 100 mM (10 mL) of p-DNA solution (Tris–
EDTA buffer, pH 7.6) for 12 h at room temperature, and rinsed
several times with TE buffer and deionized water. Human
serum samples from human male AB plasma (H4522) were
purchased from Sigma-Aldrich (Korea).

A Tektronix AFG3021 Pulse generator was used for the
pulsed measurement. The electrical readout signal was
measured by a Tektronix DPO7104 digital oscilloscope.

Results and discussion

To verify the idea, we use the unique biosensor architecture
previously developed by our group.29–31 We have reported a
wide dynamic range DNA sensor based on CNN transistors,
with GNP as a probe molecule docking place.29 The sensor
array platform used in this study consists of two gold (Au)
electrodes with a concentric structure, CNN as an electrical
channel, and GNP decorated on CNN for a molecule binding
site, as shown in Fig. 1. The concentric electrode structure has
been formed by the conventional two-metal process.30 Each
electrode is interconnected to each external electrical pad via
the underlying aluminum metal layer. The channel consisting
of the CNN and GNP can be fabricated by carbon nanotube
dip-coating, and physical evaporation of Au, respectively.29 The
concentric electrode structure provides an interesting feature,

Table 1 DNA sequences used in this study

ss-DNA Sequences

Probe 59-HSC6-C18-GCCATTCTCACCGGATTCAGTCGTC-39
Target Complementary 39-CGGTAACACTGGCCTAGTCAGCAG-59

Noncomplementary 39-GCCATTCTCACCGGATTCAGTCGTC-59
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called the ‘‘self-gating effect’’.30,31 The effect can be elaborated
as the electrical potential of an electrolyte solution applied on
the sensor platform being generally determined by the
potential of the enclosing (source) electrode, which has much
larger area, due to the capacitance ratio (1000 : 1 in this work).
Applying the drain bias to the island (drain) electrode, the
conductance of the CNN channel between two electrodes can
be modulated by the electrolyte gating, resulting from the
preset bias value at the enclosing electrode. In other words, the
electrolyte gating effect can be obtained in our sensor array
platform, without any external gate electrode (see ESI,3 for
details of the self-gating effect).

For an application of this sensor array to DNA sensing,
thiolated 25-mer probe ssDNA (p-DNA) molecules (approxi-
mately 50 nm) are immobilized on the Au islands, as shown in
Fig. 1. The immobilization of p-DNA was by treatment at room
temperature overnight. The immobilized p-DNA samples were
washed with TE buffer solution, for removal of non-specific
bound molecules.

It should be emphasized here that an alternating electrical
field can easily be applied between the p-DNA molecules and
the electrolyte, thanks to the electrode structure shown in
Fig. 1, since the electrical potential of a bulk electrolyte is
relatively stable.

The schematics of the pulse voltage train applied to the
drain electrode (island) as Vin, during the hybridization events
between the p-DNA and target-DNA (t-DNA), are shown in
Fig. 2 (a) and (b). Though one could apply various types of AC
biasing, such as wave, triangle and saw-tooth, we have used

the step profile only, because it can tell the steady-state current
value, while other types of profile do not have an inherently
steady state. The time dependent voltage of an operational
amplifier, Vout, which reflects the current through the CNN
channel, can be divided into two regions. The 1st region is the
transient state, when the ionic charges in the electrolyte
double layer are redistributed.32,33 In the 2nd region, after the
steady state is reached, the conductance is changed, solely due
to the enhancement of the hybridization rate, which will be
elaborated as follows.

As the t-DNA hybridizes with p-DNA immobilized on the
GNPs, we can quantify and define the sensitivity, as the change
of the CNN channel conductance, from the change of the
amplifier’s output voltage. The change in the electrical current
of the CNN–GNP system after the hybridization event can be
explained by the work function change of the GNP, thereby
modulating the CNN conductance.29 The DNA motion by the
pulse biasing during the hybridization is shown schematically
in Fig. 2 (c). When positive bias is applied to the CNN channel
via the drain electrode, the immobilized p-DNA molecules with
negative charges are attracted to the CNN surface (left image of
Fig. 2 (c)), while they stretch during the negative bias (right
image of Fig. 2 (c)). Thus, the dynamic motion of DNA in the
electrolyte solution, induced by the pulse bias, contributes to
the enhancement of the hybridization efficiency. The increase
of the hybridization rate constant (kh) leads to not only faster
hybridization with t-DNA, but an increase in the number of
dsDNA, after the hybridization reaches saturation.

Fig. 1 Conceptual diagram of sensor array, and structure of individual sensor device. The CNN with Gold Nano Particles (GNP) is integrated between the concentric
electrodes. Thiolated probe DNA is immobilized on Au nano-islands, and bound with complementary t-DNA.
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After the TE buffer containing complementary t-DNA is
applied to the sensor array device, the pulse bias at various
frequencies is applied to a specific sensor device, with the
other devices remaining unbiased, for comparison. The
electric potential applied to the island electrode is in the
range from 20.5 V to +0.5 V, where the electrode oxidation–
reduction reaction with ions hardly occurs.34 Also, the
conductivities of electrolyte (NaCl: 10 mM) and CNN are
O(1023) S cm21, O(10) S cm21, respectively.35,36 Thus, the
unwanted current between the island electrode and the
enclosing electrode can be neglected, compared with the
channel current.

Enhancement of sensitivity using a pulse train

Fig. 3 (a) shows the sensitivity enhancement as a function of
pulse frequency (¡0.5 V in amplitude and 10 Hz, 100 Hz, 1
kHz, 10 kHz, 100 kHz in frequency). The sensitivity data less
than 10 Hz was almost the same as the case for DC bias, and
the frequency over 100 kHz may not be appropriate, since the
measurement should be performed within the RC time
constant of the whole system (O(1) micro-seconds). Notice
that we need to measure the current after the steady state is
reached in pulse duration during the hybridization event, in
order to see the pure effect on the hybridization event. In this
sense, there should be an optimum frequency value for
maximizing binding efficiency, which is likely to be a function

of DNA length. In our case, frequency near 1 kHz turns out to
give the maximum sensitivity, as shown in Fig. 3 (a).

Fig. 3 (b) shows the conductance change as the function of
time, after applying the TE buffer with the complementary
t-DNA of 5 mM. Compared with the devices without bias (DC
biasing in 0.3 V only during measurement), the pulse biasing
schemes show higher sensitivity and faster response, for both
0.5 V and 20.5 V, in ¡0.5 V pulses. As shown in the inset of
Fig. 3 (b), Vout (red line) sharply changed, and reached a steady
state within a short time period, depending on Vin (black line).
The normalized currents were measured at the steady state, as
denoted with arrows. The time constants from the exponential
fitting with the measurement data are about 460 s, and 80 s for
the DC and pulsed schemes, respectively. It is interesting to
note that the sensitivity in the positive pulse response is
higher, than that in the negative pulse response. We consider
that the negative charged dsDNAs on the GNP become closer
to the CNN channel by an electrical attraction in the positive
bias, thereby showing higher sensitivity, which is hereafter
defined as the normalized conductance change by the
hybridization event. After the DNA hybridization for 800 s,
the sensitivity of the sensor device that has undergone pulse
biasing is 238% (blue triangle in Fig. 3 (b)), while the
sensitivity of the others (i.e. unbiased devices) is 210%
(¡4%), for 5 mM complementary t-DNA (purple square). The
hybridization rate constants kh for the DC and pulsed scheme
are estimated to be 0.66 and 2.47 (103 M21 s21), respectively,
by the time constant extracted from the real time measure-

Fig. 2 Scheme of the pulse biasing method: (a) configuration for pulse biasing in the sensor device, (b) applied input bias and output, and (c) schematic illustration of
the p-DNA motion by pulse biasing (positive and negative) during hybridization.
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ment data. Due to the pulse biasing, DNA hybridization
efficiency is prominently improved, leading to a faster
response, and a better sensitivity.

Similar data for the TE buffer containing the non-comple-
mentary (NC) t-DNA of 5 mM are plotted in Fig. 3 (c). During
the hybridization event for 1000 s, both the pulsed bias (¡0.5
V at 1 kHz) and the DC bias were applied, and then the final
currents were measured under the DC conditions. Compared
to these control experiments, the case of complementary DNA
hybridization under the pulse biased conditions showed
outstanding improvements in the sensitivity, in comparison
with Fig. 3 (b). It is interesting to notice that there is no
significant difference in sensitivity between the devices
undergoing the pulse bias (211%), and the devices without
bias (212% ¡ 3%), during the hybridization, unlike the case
of complementary t-DNA. (By this observation, we can
conclude that this reaction is ‘‘a diffusion-limited reaction’’.
The reaction can be enhanced by a mechanical oscillation (or
agitation) to improve the collision frequency of two mole-

cules.37 This fact supports our enhancement scheme by AC
biasing). Undesirable current change in this control experi-
ment could be explained by the non-specific interaction
between the NC t-DNA and the CNN channel. The interaction
gives rise to an effect of doping the CNT by the negatively
charged DNAs, so that the current decreases.38 Also, non-
specifically adsorbed t-DNA between the CNN channel and
electrodes increases the Schottky barrier, by modulating the
metal workfunction,39 thereby reducing the p-type conduction,
due to changes in the CNT–metal work function difference.
Compared to these reductions, however, the complementary
hybridization gives a salient contribution to the current
modulation, as shown in Fig. 3 (b).

The salt concentration of buffer solution is adjusted with
NaCl giving final concentrations from 1 mM to 100 mM. The
pulse voltage with 0.5 V amplitude and 1 kHz frequency is
applied to the drain electrode during the DNA hybridization.
Fig. 3 (d) shows the real time measurement data during the
DNA hybridization. All sensor devices initially contain the

Fig. 3 (a) Sensitivity data for 5 different frequencies of the pulsed bias signal applied during hybridization with the complementary t-DNA. The pulse is of ¡0.5 V in
amplitude, and 10 Hz, 100 Hz, 1 kHz, 10 kHz, 100 kHz in frequency. Real time measurement during DNA hybridization of (b) complementary t-DNA, and (c) non-
complementary (NC) t-DNA, in TE buffer solution. (b) Pulse biasing is applied to the specific device, while the other devices are left without biasing, during
complementary hybridization. The pulse biased device is measured in real time. After considerable hybridization time, we measured the conductance change of every
device, by DNA hybridization. Real time data for the DC conditions is from our previous work.15 (c) Pulse biasing is applied to the specific device, while other devices
are left without biasing, during NC hybridization. In the same manner, the real time measurement in the specific device, and conductance change by NC hybridization
in every device, are plotted. (d) The effect of concentration of electrolyte. Real-time conductance change during DNA hybridization for various salt concentrations
(NaCl: 1 mM, 10 mM and 100 mM).
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complementary t-DNA of 5 mM concentration for each buffer
concentration of 1 mM, 10 mM and 100 mM. Compared with
the device with the t-DNA in diluted buffer solution conditions
(1 mM and 10 mM), the sensitivity and response time with the
t-DNA in 16 buffer solution (y100 mM) shows improvement.
After 500 s in DNA hybridization, the conductance of the
device in 16 buffer solution decreases by 37%, while the
conductance of the device in diluted buffer solution decreases
by approximately 33% (NaCl: 10 mM), 23% (NaCl: 1 mM). We
have estimated the time constants from the exponential fitting
of real time hybridization measurements for both 16 buffer
solution and diluted buffer solutions, leading 82 s for 16
buffer, 179 s (NaCl: 10 mM) and 221 s (NaCl: 1 mM). The trend
of results is due to screening of electrostatic penalties (lower
electrolyte concentration A longer screening length A
preventing the binding between probe and target) to hybridi-
zation at lower ionic strengths.40,41

In summary, remarkable sensitivity, which is about 3.8
times higher than the unbiased conditions, is obtained for real
time measurements of DNA hybridization using the pulse bias
scheme, with reasonable selectivity.

Enhancement of dynamic ranges in human serum

DNA sensors for quick and reliable detection of diseases, i.e.
point-of-care-testing (POCT), frequently require the real time
detection of t-DNA in human serum without the washing step,
which is generally needed to remove the non-specific binding
with noisy molecules that are contained in human serum.42,43

We applied the pulse bias scheme to detection of the
complementary DNA hybridization of a wide range of
concentrations in the human serum conditions. Fig. 4 shows
the conductance change, as the function of the concentration
of complementary t-DNA in human serum. The sensitivity data
are taken at 20 min, after applying the t-DNA in serum. In
Fig. 4, it is striking to observe that the sensor device with the
pulsed bias during hybridizations gives a distinct signal in

sensitivity, while the control device without pulsed bias does
not show any sensitivity, other than noise signal. The
sensitivity matches well with the Langmuir equation

C

Cmax
~

Kacð Þa

1z Kacð Þa , (1)

with fitting parameters Ka = 6.08 6 108 and a = 0.22, where Ka

is an equilibrium constant, c is the concentration of
complementary t-DNA, and a is the pseudo-Gaussian distribu-
tion of binding energy of set width.44 In addition, the new
scheme achieves a signal-to-noise ratio (SNR) of 6.6 in the
detection at 5 pM t-DNA concentration, even in the serum
conditions. At each measured concentration point from 5 pM
to 5 mM, the SNR is estimated to be 6.6–15 (see ESI,3 for
comparison to the literature).

Effect of GNP size

In order to see how the LOD (Limit of Detection) of the device
was affected by the GNP sizes, devices with different GNP sizes
(i.e. with different annealing temperature) were prepared for
DNA hybridization experiments. Fig. 5 (a) shows SEM images
of the GNPs before, and after, the annealing process. The
average diameter of the GNP on the SWCNT network deposited
using the thermal evaporator deposition method was origin-
ally 8.98 ¡ 0.31 nm before annealing, but its size increased to
11–13 nm, after annealing at different temperatures. The
average diameter of GNP sizes as a result of annealing at 250,
350 and 450 uC were measured to be 11.97 ¡ 0.76, 13.09 ¡

0.69 and 13.67 ¡ 0.52 nm, respectively, as shown in Fig. 5 (b).
Fig. 5 (c) shows the data as in Fig. 4 (for the device with GNP
annealed at 350 uC), but with various GNP sizes. Based on the
result of the experiment, it was observed that there was no
significant difference in the LOD and dynamic range,
compared to the device without any additional annealing
treatments (i.e. device with smaller GNP size), as shown in
Fig. 5 (c).

Transient measurement using a single step pulse

Now, we consider additional sensitivity enhancement from our
pulsed bias measurement platform, which is called transient
measurement. In transient measurement, the channel current
is measured before the ions in the EDL are redistributed, i.e.
avoiding the charge screening effect. Fig. 6 describes the
schematic mechanism of the sensitivity enhancement on the
transient state, after single step pulse bias. After the pulse
transition, the counter-ions surrounding the charged target
molecule in the initial state (A) are swept away by the electric
field in the extended EDL during the transient state (C), and
finally reach a new steady state (D). During the transient state,
charged molecules (dsDNA) can influence the CNN channel. It
should be noticed that the scheme would be applied to sensor
devices after the completion of the hybridization and/or
during the DNA hybridization under the pulsed bias condi-
tions, because in our platform, the channel current is
constantly monitored during the hybridization event.

In our previous modeling study,32,33 we verified the
feasibility of the sensitivity enhancement, by solving the
equations for the charge distribution and the motion of ions

Fig. 4 Sensitivity of the electrical DNA sensor vs. t-DNA concentration, for two
groups of sensor devices after hybridization with t-DNA in the serum conditions;
one group hybridized under the pulsed bias (¡0.5 V in amplitude and 1 kHz in
frequency), and the other group hybridized under the unbiased conditions. The
pulse biasing during hybridization achieves remarkable improvement in
sensitivity.
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in the buffer solution (see ESI,3 for details of the calculation).
Fig. 7 shows the sensitivity via the time, measured using the
transient measurements for two device samples, after a
hybridization of 1000 s; one hybridized under the pulsed bias
conditions (red line), the other under the unbiased conditions
(black line). For the device sample hybridized under AC
biasing, a pulsed bias with ¡0.5 V in amplitude and 1 kHz in
frequency has been applied. In our measurement system, the
output current from the operational amplifier includes the
capacitive current through the electrolyte system,45 and is
subtracted, to obtain the intrinsic channel current. Sensitivity

is defined as the ratio of change in the channel currents before
and after hybridization to the initial current before hybridiza-
tion. As can be seen in Fig. 7, the sensitivity is maximized at
around 1 ms for both sensor devices, as predicted in previous
numerical works.32,33 The sensitivity is enhanced from 7%
(steady state sensitivity) to 40% (maximum transient sensitiv-
ity), and from 38% to 75%, for the samples undergoing the
unbiased, and AC hybridization, respectively. Considering the
short Debye length (about 1 nm), the sensitivity value from the
steady state measurement is surprisingly large, for the sample
undergoing the AC hybridization (38%), compared with 7% of

Fig. 5 (a) SEM images, and (b) size variation of GNP, as a function of annealing temperature from 250 uC to 450 uC. About 50 GNP diameters for each device were
randomly measured (w/o annealing: 8.98 nm, 250 uC: 11.97 nm, 350 uC: 13.09 nm, 450 uC: 13.67 nm). (c) The LODs of DNA hybridization as a function of annealing
temperature. Each measurement was done more than 5 times, with 5 different devices.
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the sample undergoing the unbiased hybridization. The
mechanism of current modulation due to hybridization
density on the Au nanoparticles of our sensor platform should
be a subject of future theoretical study.

Conclusion

In summary, a new pulse bias scheme has been proposed, and
an enhancement in the sensor performance has been
obtained, for the detection of DNA hybridization events. The
mechanisms for the improvement have been elucidated by the

oscillating motion of the negatively charged probe DNA with
the pulsed bias. Thereby, the hybridization rate constant kh is
y3 times enhanced, compared to the unbiased conditions.
However, theoretical studies should be performed, in terms of
a relationship between the hybridization rate and the
mechanical motion of the probe molecules; which, in turn,
is a function of the shape and frequency of the pulse trains,
not to mention a function of the size and mass of the probe
molecules. It has been shown that an LOD of as low as y5 pM
concentration can be achieved, in the detection of DNA in the
human serum conditions. Also, by transient measurement
after the step pulse, additional sensitivity enhancement is
achieved, due to the removal of the charge screening effect.
Therefore, the new scheme could be extended to a general
affinity-based biosensor, where charged probe molecules are
immobilized.

Acknowledgements

This work was supported by the Center for Integrated Smart
Sensors funded by the Ministry of Science, ICT & Future
Planning as Global Frontier Project (CISS-2012054186); and by
the R&D Program of MKE/KEIT [10033590], Development of
Disposable Cancer Diagnosis Sensor of Home-care Type with
High Sensitivity; and by the Pioneer Research Center Program
through the National Research Foundation of Korea funded by
the Ministry of Science, ICT & Future Planning (NRF-2012-
0009555). S. J. Kim was supported by Future-based Technology
Development Program (Nano Fields) (2009-0082952) through
the National Research Foundation of Korea (NRF) funded by
the Ministry of Science, ICT & Future Planning.

References

1 M. S. T. Gonçalves, Chem. Rev., 2009, 109, 190–212.
2 J. Yuan and G. Wang, J. Fluoresc., 2005, 15, 559–568.
3 M. Takahashi, K. Nokihara and H. Mihara, Chem. Biol.,

2003, 10, 53–60.
4 H.-J. van Manen and C. Otto, Nano Lett., 2007, 7,

1631–1636.
5 J. Seelig, K. Leslie, A. Renn, S. Kühn, V. Jacobsen, M. van de
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